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ABSTRACT
This project is divided into two main sections, that is to produce solid polymer electrolyte (SPE) as a proton conductor
(H+) and to fabricate polymeric solid-state protonic battery with configuration of zinc (Zn)/SPE/manganese (IV) oxide
(Mn02)' 1.0 g of chitosan was dissolved in 100 ml of 1 % acetic acid solution. The ammonium nitrate salt (NH4N03)
and plasticizer, ethylene carbonate (EC), were added accordingly. After casting the solution was left to dry at room
temperature to form the films of pure chitosan acetate (CA), CA-NH4N03, and CA-NH4N03-EC. The temperature
dependence of chitosan-based SPE system was found to obey Arrhenius relationship. The highest conducting sample
(3.48 x 10.3 Scm-I), 18 wt. % CA-12 wt. % NH4N03-70 wt. % EC (CA40N70E), possesses the lowest activation
energy (Ea) of 0.10988 eV. The electrochemical stability window for the cells was around 1.6 V - 1.8 V, that was the
chitosan films breakdown voltage and become lower as temperatures increases. The cells were fabricated using SPE,
which showed the highest value of conductivity, and characterized according to their electrochemical testing at 298,
313, 333, and 353 K. The cells performance was excellent at 333 K, with achievement of discharge capacity of 42.7
mAh, internal resistance (r) of 16.8 n, maximum power density (Pmax) of 14.6 mW cm-2 and a short-circuit current
density (J,c) of 31.0 mA cm-2. The highest open cifeuit voltage (OCV) was 1.479 V at 298 K. On the other hand, the
electrochemical properties of the cells at 353 K were decreased compared to the cells at 333 K. The decrease in the
electrochemical properties was correlated to the failure of the cells. Thus, the best electrochemical properties of the
cells from this system were observed at temperature 333 K.
ABSTRAK
Projek ini dibahagikan kepada dua bahagian utama iaitu penghasilan elektrolit polimer pepejal (SPE) sebagai
konduktor proton (H+) dan fabrikasi bateri proton keadaan pepejalpolimer dengan konfigurasi zink (Zn)/SPE/mangan
dioksida (Mn02)' 1.0 g kitosan dilarutkan dalam 100 mllarutan asid asetik 1 %. Garam ammonium nitrat (NH4N03)
dan bahan pemplastik etilena karbonat (EC) ditarnbahkan ke dalam larutan kitosan tersebut. Selepas penuangan
larutan, ia dibiarkan kering pada subu 'bilik untuk membentuk filem kitosan asetat (CA) tulen, CA-NH4N03 dan CA-
NH4N03-EC. Kajian konduktiv,i-suhu bagi sistem SPE berasaskan kitosan didapati mematuhi persamaan 'Arrhenius'.
Sampel dengan konduktiviti tertinggi (3.48 x to-3 S em-I), 18 wt. % CA-12 wt. % NH4N03-70 wt. % Ee (CA40N70E),
mempunyai tenaga pengaktifan (E.J yang terendah, 0.to988 eV. Kestabilan elektrokimia untuk bateri proton adalah
kira-kira 1.6 V - 1.8 V, sebagai voltan peeah tebat filem kitosan dan berkurangan apabila 'suhu meningkat. Sel
difabrikasi dengan SPE yang mempunyai nilai konduktiviti tertinggi dan peeirian sel berdasarkan kajian elektrokimia
pada subu 298, 313, 333 dan 353 K dijalankan. Prestasi sel yang terbaik adalah pada suhu 333 K, dengan kapasti
diseas, rintangan dalaman (r), ketumpatan kuasa tertinggi (Pmax) dan ketumpatan arus litar pintas (J,c) masing-rnasing
sebanyak 42.7 mAh, 16.8 n, 14.6 rnW ern-2dan 31.0 rnA em-2. Voltan litar terbuka (OCV) tertinggi adalah 1.479 V
pada suhu 298 K. Selain itu, perlakuan elektrokimia bagi sel pada suhu 353 K menurun berbanding dengan sel pada
suhu 333 K. lni adalah berhubung kait dengan kegagalan sel tersebut. Justeru itu, perlakuan elektrokimia terbaik bagi
sel-sel daripada sistem ini adalah diperhatikan padltsuhu 333 K.
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Abstract
Protonic battery based on a plasticized chitosan-NH4N03
solid polymer electrolyte
L.S. Ng, A.A. Mohamad *
School oIMaterials and Mineml Resources Engineering. Universiti Sains Malaysia. 14300 Nibong Tebal. PelUlIlg. Malaysia
Received 9 June 2006; received in revised form 3 August 2006; accepted 14 September 2006
Available online 7 November 2006
Plasticized chitosan-proton conductor polymer electrolyte films were prepared by dissolving chitosan powder. ammonium nitrate (NH 4 NOJ)
salt and ethylene carbonate (EC) plasticizer in acetic acid solution. The highest conductivity of the chitosan-salt with 40 wI. % NH4NOJ in the
film at room temperature was 8.38±4.11 x 10-' Scm-I and this increased to 9.93± 1.90 x IO-JScm-1 with 70wt.% EC. Baueries with a
configuration of: Zn +ZnS04·7H20/18 wt.% CA-12 wt.% NH4 NOJ -70 wt.% EC/Mn02 provided an open-circuit voltage of 1.56 ± 0.06 V. The
discharge characteristics using a I mA constant cunent demonstrated a capacity of 17.0 ± 2.6 mAh. The internal resistance was 29.8 ± 5.1 Q.
While the highest power density was 8.70 ± 1.91 mW cm-2.
© 2006 Elsevier B.Y. All rights reserved,
Keywords: Chitosan; Ammonium nitrate; Ethylene carbonate; Polymer ele~trolyte; Proton battery
1. Introduction
Chitosan is a biopolymer and has various usages. It is a
unique polysaccharide and attracts much attention in many
fields such as manufacturing and medicine [I]. Recently chi-
tosan have been used as a polymer host to study solid polymer
electrolytes (SPE) for batteries [2-5] and t.he proton exchange
membranes (PEM) for fuel cells [6,7]. A proton conductor based
on chitosan-NH4N03 has been reported witB\ a conductivity
around 10-5 Scm-I at room temperature [8]. However, this con-
ductivity value is too low for application in a solid-state protonic
battery.
To enhance the conductivity, several approaches were sug-
gested in the literature, including the use of blend polymers, the
addition of a ceramic filler, plasticizer and even radiation. Com-
pared to other methods, plasticization is the simplest, lowest cost\
and most effective way to improve the conductivity of a SPE.
Among a number of plasticizers, the most used plasticizers are
ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMC) and diethyl carbonate (DEC) [9].
• COITesponding author. Tel.: +6045996118; fax: +604594 1011.
E-mail address:azmin@eng.usm.my (A.A. Mohamad).
0378-7753/$ - see front matter © 2006 Elsevier B, V. All rights reserved.
doi: 10.10 16fi.jpowsour,2006.09.042
To the best of our knowledge there are no systematic studies
on proton batteries based on a chitosan SPE. In this paper, a
study is carried out on chitosan-NH4N03-EC systems, and then
applied to Zn + ZnS04·7HzO/MnOz proton batteries.
2. Experimental
Chitosan films were prepared from highly viscous pow-
der supplied by Chito-Chem, Malaysia. One gram of chitosan
was dissolved in 100 ml of I% acetic acid solutions. NH4N03
(Merck) and EC (Aldrich) were added accordingly. The mix-
ture was dispersed and stirred for 24 h. After complete disso-
lution, the solutions were cast onto petri dishes and left to dry
by evaporation at room temperature (25 "C) to form films of
pure chitosan acetic (CA), CA-NH4N03 and CA-NH4N03-EC.
The films were then transferred into a desiccator for continuous
drying.
When the films were formed, they were cut into a suitable
size and placed between blocking stainless steel electrodes in a
conductivity cell which was connected to a computer. Electrical
conductivity measurements were performed using an Autolab
PGSTAT 30 Frequency Response Analyzer (Eco Chemie B.Y.)
in a frequency range of between I Hz and I MHz. The measure-
ments were carried out at room temperature.
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Fig. 3. Protonic battery open-circuit voltage during 24 h of storage.
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3.3. Battery characterization
Fig. 5. The plot of I-V and I-P for proton batteries.
• Cell # 1
• Cell # 2
• Cell # 3
The OCY characteristic of the proton batteries at room tem-
perature is shown in Fig. 3. There seems to be a voltage delay at
the time of assembly when the voltage was observed higher in
the lirst 2 h and later stabilized at ~ 1.56 V. The OCY remain~d
constant at 1.56 ± 0.06 Y until the 24th hour of storage.
Fig. 4 shows the discharge characteristic of three batteries at .-
a constant current of I mAo It can be observed that the voltage
of the batteries drop immediately before reaching a flat dis-
charge plateau at 1.30 ± 0.04 v. This phenomenoll may be due
to the activation polarization. The activation polarization was.
present when the rate of an electrochemical reaction at an elec-
trode surface was controlled by sluggish electrode kinetics [12].
It also shows that the discharge was sustained for 17.0 ± 2.6 h
until the cut-off voltage of 1.00 V. The discharge capacity was
17.0 ± 2.6 mAh, which was greater compared to reports else-
where [13].
Fig. 5 shows the J-V and J-P characteristics for the pro-
tonic batteries at room temperature. The J- V curve had a
simple linear form, which indicates that the <~olarization on
the electrode was primarily dominated by ohmic contribu-
tions. The plot of the operating J-P suggests that the con-
tact between electrolyte/electrod~s was good. The voltage
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Fig. 4. Discharge curves using a constant currenl at I rnA.
of the battery dropped to a short circuit current density of
16.0 mA cm-2 and the maximum power density was determined
to be 8.70 ± 1.91 mW cm-2 . The internal resistance of the bat-
tery was obtained from the gradient of the I-V graph, which was
29.8 ± 5.1 n, which was lower than other chitosan-based SPE
batterie~ [4,5].
4. Conclusion
The conductivity ofCA-NH4N03 was successfully increased
from 10-5 to 10-3Scm-I employing a plasticization method
using EC. This proton conductor was evaluated for protonic bat-
teries at room temperature with the achievement of an OCY
of 1.56 ± 0.06 Y, the discharge capacity of 17.0 ± 2.6 mAh and
a maximum power density of 8.70 ± 1.91 mW cm-2 . These
results imply that CA-NH4N03-EC is a promising proton con-
ductor for proton batteries.
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Protonic Battery based on a Plasticized Chitosan-NH4N03 Solid Polymer Electrolyte
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Abstract
A plasticized proton conductor solid polymer electrolyte (SPE) based on chitosan were
prepared by dissolving chitosan powder, ammonium nitrate (NH4N03) salt and ethylene
carbonate (EC) plasticizer in acetic acid, solution. The temperature dependence of
.
chitosan-based SPE system was found to obey'Arrhenius relationship. The highest
conducting sample, 18 wt. % CA + 12 wt. % NH4N03 + 70 wt. % EC (CA40N70E)
possesses the lowest activation energy, 0.11 eV. The electrochemical stability windows
for the film are about 1.6-1.8 V, at temperatures 298-353 K. The highest open circuit
voltage is 1.479 V at 298 tK. The cell was fabricated using zinc powder (Zn) + zinc
sulfate heptahydrate (ZnS04.7.f-hO) + acetylene black (AB) + polytetrafluoroethylene
(PTFE) I CA40N70E I manganese (IV) oxide (MnOz) + AB + PTFE. The cell
performance is excellent at 333 K, with achievement of discharge capacity of 42.7 mAh,
internal resistance of 16.8 .0, maximum pO,wer density of 14.6 mW cm-z and a short-
circuit current density of 31.0 rnA cm-z.
Keywords: Chitosan; ammonium nitrate; ethylene carbonate; polymer electrolyte;
protonic battery.
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2. Experimental
The polymer electrolyte films were prepared from chitosan (Chito-Chem,
Malaysia), NH4N03 (Merck) and EC (Merck). The details of this procedure were
reported in previous study [7]. The composition of the samples were coded as CA,
60 wt. % CA + 40 wt. % NH4N03 (CA40N), 48 wt. % CA + 32 wt. % NH4N03 +
20 wt. % EC (CA40N20E) and 18 wt. % CA + 12 wt. % NH4N03 + 70 wt. % EC
(CA40N70E).
Zn powder (Merck) and ZnS04.7H20 (Univar) were mixed with acetylene
black (AB, Gunbai) and polytetrafluoroethylene (PTFE, Fluka) using composition
of 72.6:24.2:2.4:0.8 (weight ratios) to form an anode pellet of the cell. A cathode
pellet was prepared with procedures similar to the anode. A mixture of Mn02, AB
and PTFE with the composition of 90.9:8.1: 1.0 (weight ratios) were used to form
the cathode pellet.
The ionic !conductivity was measured with an Autolab PGSTAT 30
Frequency ResponseCAnalyzer (Eco Chemie B.V.) using frequency range of 1 Hz
to 1 MHz and in the temperature range of 298-393 K. The measurement was
carried out by sandwiching the chitosan-based SPE between two stainless steel
(SS) electrodes. A linear sweep "voltammetry (LSV) was conducted with a
scanning rate of 1.0 mVIs. The sample was mounted inside the SS electrodes and
placed into an oven coupled with a temperature controller which was carried out
at different temperatures, 298-353 K.
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Fig. 2 shows the relationship of variation of activation energy (E
a
) and (j at
room temperature. The highest conducting film (CA40N70E), gave the lowest E
a
at 0.11 eV. It indicates that when conductivity increases, the E
a
for transferring H+
ions will be reduced.
3.2 Linear sweep voltammetry analysis
Fig. 3 shows the LSV curves of the polymer electrolyte system of sample
CA40N70E. The current onsets of the sample are detected about 1.80, 1.75, 1.70,
and 1.60 V at temperatures of 298, 313, 333, and 353 K, respectively. The current
onset is assumed to be the films breakdown voltage. It can be observed that the
breakdown voltage reduces when temperature increases from 298 to 353 K. Thus,
this voltages are high enough' to allow safe use of chitosan-based SPE in
fabrication of protonic batteries, since the electrochemical window standard of
protonic battery is about ~ 1 V [8].
3.3 Open circuit voltaie analysis
The OCV char'Wteri~tic of protonic batteries at 298-353 K is shown in Fig.
4. It can be observed that as the temperatures increase, the OCV become lower
which is of the same trend as for the results obtained by LSV. The highest OCV is
1.479 V at room temperature (29~ K). This phenomenon suggests that the
,
electrode materials possess considerable catalytic properties at low temperatures.
From the results obtained, it can be concluded that the fabricated cells at 298, 313,
and 333 K are reasonably stable in open cell condition. However, at the highest
temperature (353 K), continuously heating the cell for a longer duration causes
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inferred that deterioration of the SPE has occurred at 353 K. When reaching an
optimum condition, which is after 333 K, the cell performance was obviously
degraded.
3.5 Current-voltage analysis
Fig. 6 (a) and 6 (b) show the plot of 1- V and J-P curves for protonic
batteries at elevated temperatures. From the 1- V curves obtained, each curve
shows a simple linear form, which indicates that the polarization on the electrode
is primarily dominated by ohmic contribution [11]. The resistance of the protonic
batteries can be calculated from the slope of 1- V curves. The curves show that as
temperature increases, the internal~esistance (r) of the cells decreases. The lowest
r is 16.8 Q at 333 K. At 353 K, the deterioration of the cell's materials occurs
which implies that the interfacial contact between the chitosan-based SPE and
electrodes may be deteriorating. The deterioration can be demonstrated by the
enhancement of r value of 23.0 Q. The r of the cells is considered high, whereas
the resistance of ,'the SPE is less than - 3.0 Q in the temperature range
investigated. The high r is attributable to the interfacial resistance between
SPE/electrodes. However, compared to the reports elsewhere [8, 12], the r from
present work is considered low.
•,
The plot of the operating J-P curves (Fig. 6 (b)) suggests that the contact
between electrolyte/electrodes was good. The maximum power density (Pmax)
increases with enhancement of temperatures. The highest Pmax is achieved by the
cell at 333 K, with Pmax of 14.6 mW cm-2 and a short-circuit current density (Jsc)
- 7 -
Q, 14.6 mW cm-2 and 31.0 rnA cm-2, respectively. The failures of the cells mainly
contributed to the degradation of the chitosan film SPE.
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Figure Captions
Fig. 1: The temperature dependence of conductivity for chitosan-based SPE systems.
Fig. 2: Variation of Ea and cr at room temperature.
Fig. 3: LSV curves of sample CA40N70E at 298,313,333, and 353 K.
Fig. 4: OCV curves of protonic batteries at 298, 313, 333, and 353 K.
Fig. 5: Discharge curves at a constant current profile of 1.0 rnA at 298,313,333, and
353 K.
Fig. 6: The plot of (a) J-Vand (b) J-P curves of protonic batteries at 298,313,333,
and 353 K.
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ABSTRACT
This project is divided into two main sections that are to produce solid polymer
electrolyte (SPE) as a proton conductor (H+) and to fabricate polymeric solid-state
protonic battery with configuration of zinc (Zn)/SPE/manganese (IV) 0 xide (MnOz).
1.0 g of chitosan was dissolved in 100 ml of 1 % acetic acid solution. The ammonium
nitrate salt (NH4N03) and plasticizer, ethylene carbonate (EC), were added accordingly.
After casting the solution was left to dry at room temperature to form the films of pure
chitosan acetate (CA), C A-NH4N03, and C A-NH4N03-EC. T he highest conductivity
for chitosan + 40 % NH4N03 film at room temperature is (8.38 ± 4.11) x 10'5 S cm'l
and increases to (9.93 ± 1.90) x 10'3 S cm'l after added with 70 % EC. The temperature
dependence of chitosan-based SPE system was found to obey Arrhenius relationship.
The highest conducting sample (- 10'3 S cm'I), 18 wt. % CA-12 wt. % NH4N03-70 wt.
% EC (CA40N70E), possesses the lowest activation energy (Ea) of 0.10988 eV. The
electrochemical stability window for the cells was around 1.6 V - 1.8 V. The cells were
fabricated using SPE, which showed the highest value of conductivity, and
I
characterized according to their electrochemical testing at 298, 313, 333 and 353 K.
The cells performance was excellent at 333 K, with achievement of discharge capacity
of 42.7 mAh, internal resistance (r) of 16.8 n, maximum power density (Pmax) of
14.6 mW cm'z and a short-circuit current density (Jsc) of 31.0 mA cm·z. The highest
open circuit voltage (OCV) was 1.4'19 V at 298 K. On the other hand, the
electrochemical properties of the cells at 353 K were decreased compared to the cells at
333 K. The decrease in the electrochemical properties was correlated to the failure of
the cells. Thus, the best electrochemical properties of the cells from this system were
observed at temperature 333 K.
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BATER! PROTON BERASASKAN PEMPLASTIKKAN ELEKTROLIT
POLIMER KEADAAN PEPEJAL KITOSAN-NH4N03 PADA SUHU TINGGI
ABSTRAK
Projek ini dibahagikan kepada dua bahagian utama iaitu penghasilan elektrolit polimer
pepejal (SPE) sebagai konduktor proton (H+) dan fabrikasi bateri proton keadaan
pepejal polimer dengan konfigurasi zink (Zn)/SPE/mangan dioksida (Mn02). 1.0 g
kitosan dilarutkan dalam 100 ml larutan asid asetik I %. Garam ammonium nitrat
(NH4N03) dan bahan pemplastik etilena karbonat (EC) ditambahkan ke dalam larutan
kitosan tersebut. Selepas penuangan larutan, ia dibiarkan kering pada suhu bilik untuk
membentuk filem kitosan asetat (CA) tulen, CA-NH4N03 dan CA-NH4N03-EC.
Konduktiviti yang tertinggi bagi filem kitosan + 40 % NH4N03 pada suhu bilik adalah
(8.38 ± 4.11) x 10-5 S em-I dan meningkat kepada (9.93 ± 1.90) x 10-3 S em-1 setelah
ditambahkan dengan 70 % EC. Kajian konduktiviti-suhu bagi sistem SPE berasaskan
kitosan didapati mematuhi persamaan 'Arrhenius'. Sampel dengan konduktiviti
tertinggi (- 10-3 S em-I), 18 wt. % CA-12 wt. % NH4N03-70 wt. % EC (CA40N70E),
mempunyai tenaga pengaktifan (Ea) yang terendah, 0.10988 eV. Kestabilan
elektrokimia untuk batc:rri proton adalah kira-kira 1.6 V - 1.8 V. Sel difabrikasi dengan
SPE yang mempunyai nil~i konduktiviti tertinggi dan pecirian sel berdasarkan. kajian
elektrokimia pada suhu 298, 313, 333 dan 353 K dijalankan. Prestasi sel yang terbaik
adalah pada suhu 333 K, dengan kapasti diseas, rintangan dalaman (r), ketumpatan
kuasa tertinggi (Pmax) dan ketumpatan arus litar pintas (Jsc) masing-masing sebanyak
•,
42.7 mAh, 16.8 n, 14.6 mW em-2 dan 31.0 rnA em-2. Voltan litar terbuka (OCV)
tertinggi adalah 1.479 V pada suhu 298 K. Selain itu, perlakuan elektrokimia bagi sel
pada suhu 353 K menurun berbanding dengan sel pada suhu 333 K. Ini adalah
berhubung kait dengan kegagalan sel tersebut. Justeru itu, perlakuan elektrokimia
terbaik bagi sel-sel daripada sistem ini adalah diperhatikan pada suhu 333 K.
- vi-
CHAPTERl
INTRODUCTION
1.1 Polymer Electrolytes
Polymer-based electrolytes are receiving considerable attention as solid polymer
materials in advanced applications such as rechargeable lithium ion batteries because
their use allows the fabrication of safe batteries and pennits the development of thin
batteries and electrochemical devices with design flexibility (Yahya and Arof, 2003).
Polymer-based electrolyte materials have been reported as promising materials for use
in batteries due tot heir unique properties such as high ionic conductivity, ability to
provide good electrode/electrolyte 'contact, physical flexibility, show good mechanical
properties and film fonns ability (Winie and Arof, 2006). Besides, such electrolyte has
potentially promising applications in other electrochemical devices such as fuel cells,
supercapacitors, electrochromic windows and sensors (Song et al., 1999). The use of
solid polymer electrolytes (SPE) can avoid problems associated with liquid electrolytes
I
such as leakage and gas fonnation that arises from solvent decomposition. This leads to
~
improvement in battery design. Solid polymer batteries constructed with only thin-film
electrodes and electrolytes can be made to be very compact, 1ightweight and highly
reliable (Mohamed and Arof, 2004).
•,
Polymers that have been used in making of proton-conducting films are includes
polyethylene oxide (PEO) (Ali et al., 1998; Majid and Arof, 2005; Maurya et al., 1992),
polyacrylic acid (PAA) (Bozkurt et al., 2003) and polyvinyl alcohol (PVA) (Vargas et
al., 2000). These polymers have been complexed with various salts, which provide the
- 1 -
ions for conduction. Several ammonium salts such as NH4I (Maurya et aI., 1992),
(NRt)2S04 (Ali et al., 1998) and (NH4)SCN (Majid and Arof, 2005) were used as
doping salts. Various combinations of salts and polymers forming polymer-salt
complexes have been investigated with particular attention to chitosan-based
complexes (Majid and Arof, 2005; Khiar et al., 2006; Mohamed et al., 1995).
1.2 Chitosan
The chitin that has a high degree of N-deacetylation is known as chitosan. Chitosan is
more useful for biomedical/manufacturing applications and dehydrations of aqueous
solutions than chitin, since it has both hydroxyl and amino groups that can be easily
modified (Majid et aI., 2005).
Chitosan is a virtually non-toxic polymer with a wide safety margin. Moreover,
chitosan is a biodegradable, biocompatible, positively charged polymer, which shows
many interesting properties, such as biodegradable edible coating or film in food
packaging, a dietary fibre, a ~iomaterial in medicine.
Previous studies have prbven that chitosan can be used as a polymer matrix for ionic
conduction (Yahya and Arof, 2003). Each of the nitrogen and oxygen atoms in chitosan
has a lone pair electron where complexation can occur. Thus chitosan satisfies one of
the criteria to act as a polymer host for ~he solvation of salts. In addition, it is stable in
neutral conditions. Amine and hydroxyl groups on the glucosamine unit can form
strong inter- and intra- molecular hydrogen bond to crystallize. Figure 1.1 shows the
molecular structure of segments of chitosan (Majid and Arof, 2005).
- 2 -
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Figure 1.1: Chitosan (Majid and Arof, 2005).
1.2.1 Chitosan as a Polymer Electrolyte
Chitosan is a polymer which has been shown to be a promising solid electrolyte for
solid state cells (Momi and Arof, 1999). Chitosan is soluble in various acidic solvents
such as in acetic, citric, formic, glycolic, lactic and malic acids because chitosan is a
weak polybase (Yahya and Arof, 2003). It has been used as the base polymer for the
studies on proton-conducting films.. .In its actual state, a chitosan film has a very low
electrical conductivity. Although the structure of chitosan monomer has three
hydrogens, they are strongly bonded to the structure and cannot be mobilized under the
action of an electric field to make it a proton conductor (Mohamed et al., 1995).
Some OpInIOnS stated ,'that if chitosan is dissolved in acetic acid and the resulting
solution is cast into a thin film, then the H+ or H30+ and CH3COO· ions in the
'acetylated chitosan' film will be dispersed in the immobilized chitosan solvent and
these ions can be mobilized under the influence of an electric field. If H+ or H
3
0+ ions
are more mobile than the CH3COO· ions\the film becomes a proton conductor. Further,
it should be possible to produce a more ionically conducting film by dissolving
chitosan in acetic acid solutions of increasing concentration since more H+ (or H
3
0+)
will be contributed by the acetic acid (Mohamed et al., 1995).
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1.3 Components of Cells and Batteries
A battery is a device that converts the chemical energy contained in its active materials
directly into electric energy by means of an electrochemical oxidation-reduction (redox)
reaction. In the case of a rechargeable system, the battery is recharged by a reversal of
the process. Oxidation-reduction reaction involves the transfer of electrons from one
material to another through an electric circuit (Linden, 2002).
While the term "battery" is often used, the basic electrochemical unit being referred to
is the "cell". A cell provides a source of electric energy by direct conversion of
chemical energy. The cell consists of an assembly of electrodes, separator, electrolyte,
container and terminals. A battery consists of one or more of these cells, connected in
series or parallel, or both, depending orr the desired output voltage and capacity. Figure
1.2 shows an example of the cell components. The cell consists of three major
components (Linden, 2002):-
1. The anode or negative electrode - the reducing or fuel electrode, which gives up
electrons to the external circuit and is oxidized during the electrochemical
reaction.
n. The cathode or positive electrode - the oxidizing electrode, which accepts
electrons from the external circuit and is reduced during the electrochemical
reaction.
lll. The electrolyte or the ionic conductor - which provide the medium for transfer
•,
of charge, as ions, inside the cell between the anode and cathode. The
electrolyte is typically a liquid (water or alcohols solvents), with dissolved salts,
acids or alkalis to impart ionic conductivity. Nowadays, some batteries use solid
electrolytes.
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Figure 1.2: The cell components (discharge operation) (Linden, 2002).
1.4 Protonic Batteries
.
A significant characteristic of a protonic battery is that charging/discharging can be
done by shifting protons '(H+) (NEe TOKIN, 2004). The source of H+ is from
electrolyte. The electrolyte can be prepared either in liquid, gel or solid-state form. For
a successful protonic battery, an anode capable of supplying or injecting H+ ions into
the battery electrolyte, a proton conducting electrolyte and a reversible cathode with
I
layered oxides are needed (Pratap et al., 2006). In protonic battery, zinc (Zn) and
..
manganese (IV) oxide (Mn02) have been used as anode and cathode material,
respectively. The optimum concentration of electrolyte will provide highest mobility of
H+ ions. Consequently the conductivity of electrolyte can be enhanced. The simplified
•,
anodic reaction, cathodic reaction and overall cell reaction are show in Equation (1.1),
(1.2) and (1.3) (Scarr et al., 2002; Linden, 2002).
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At the anode, Zn is oxidized with the release of two electrons, and zinc sulfate
heptahydrate (ZnS04.7H20) provides the sources ofH+ ions,
Zn -. Zn2++ 2e'
0.7618 V
-0.8277 V
...(1. 1)
At the cathode, Mn02 is reduced with the acceptance of electrons,
1.2240 V
2H+ + Mn022- -. H2Mn02
... (1.2)
The overall cell reaction is the combination of Zn, ZnS04.7H20 and Mn02. with
Zn(OHh, H20, ZnS04 and H2Mn02 as the reaction products.
Zn + ZnS04.7H20 + Mn02
-. Zn(OHh + 5H20 + ZnS04 + H2Mn02 1.2899 V
...(1.3)
The standard potential of a cell can be calculated from the standard electrode potentials
as follows (the oxidation potential is the negative value of the reduction potential)
(Linden, 2002):-
Anode (oxidation potenlial) + cathode (reduction potential) = standard cell
potential ... (1.4)
Thus, the standard protonic batteries potential is:-
-(0.7618-0.8277) + 1.2240 = 1.2899 V
;
,
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....(1.5)
1.5 Problems Statement
In most common batteries the electrolyte is a liquid. However, liquid electrolyte might
lead to problems such as leakage, corrosion and contamination of electrode and
electrolyte which will degrade the battery efficiency (Chandra, 1981). Batteries with
liquid electrolytes involve complicated and higher cost processes and equipment. The
availability of solids capable of being fabricated into electronically insulating elements
with fairly low overall ionic resistance has stimulated the development of solid
electrolytes batteries.
As in polymer-salt complexes, a major drawback of these complexes is the low ionic
conductivity at ambient temperature which cannot be applied as an electrolyte in a
battery (Winie and Arof, 2006). FUT!hermore, the difficulty is, to find a material with
suitable electrochemical properties that are available at elevated temperatures. At
higher temperature, the efficiency of polymer electrolyte/electrode might be
deteriorated.
To the best of our knbwledge, there were no systematic studies on protonic battery
~
based on chitosan acetate (CA)-ammonium nitrate (NH4N03)-ethylene carbonate (EC)
SPE at higher temperatures. A study to the behavior of electrolyte/electrode at different
temperatures is necessary because utilization of this knowledge will be an advantage
for designing of a protonic battery at dif~rent environments.
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1.6 The Objective
In this work, chitosan biopolymer has been used as the medium for the transport of H+
ions. A convenient solvent for chitosan is dilute acetic acid. The main purpose of this
work is:-
1. To apply chitosan as a polymer host and NH4N03as a doping salt.
11. To enhance conductivity behavior of CA-NH4N03system with plasticizer EC at
room temperature.
Ill. To study conductivity-temperature behavior of the CA-NH4N03-EC system.
IV. To fabricate and study the electrochemical properties of protonic batteries with
configuration of Zn + ZnS04.7H20 /18 wt. % CA-12 wt. % NH4N03-70 wt. %
EC / Mn02 at high temperatures.
1.7 Approach of Study
The chitosan films were prepared from chitosan, NH4N03, and EC by the solution cast
technique and left to dry at room temperature (25°C) to form films of CA, CA-
NH4N03 and CA-NH4N03-EC. The films were characterized by conductivity-
temperature study (2~8-393 K) and linear sweep voltammetry (LSY) (298-353 K).
When t he films were fodned, t hey were cut into a suitable size a nd placed between
blocking stainless steel electrodes in a cell which was connected to a computer. The
cell was then put into an oven coupled with a temperature controller. At room
temperature, optimum concentration of. polymer electrolytes of CA-NH4N03 and CA-,
NH4N03-EC system were determined.
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For protonic battery, it was fabricated by the highest conducting film, 18 wt. % CA-12
wt. % NH4N03-70 wt. % EC (CA40N70E). The cells were assembled by sandwiched
the sample CA40N70E between a pellet anode and a pellet cathode. The cell
measurements include open circuit voltage (OCV), discharge, current-voltage (1- V), and
current density-power density (J-P) characteristics were carried out at various
temperatures, 298-353 K.
i,
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CHAPTER 2
METHODOLOGY
2.1 Introduction
In this work, chitosan has been used as a host polymer electrolyte for fabrication of
protonic batteries. Conductivity-temperature studies and linear sweep voltammetry
(LSV) have been used to characterize the chitosan films. On the other hand, open
circuit voltage (OCV), discharge, current-voltage (1- V) and current density-power
density (J-P) characteristics were used to characterize protonic batteries at high
temperatures.
2.2 Sample Preparation: Chitosan-based Polymer Electrolyte Films
Chitosan films were prepared from chitosan powder by the solution cast technique.
1.0 g of chitosan (Chito-Chem, Malaysia) was dissolved in 100 ml of 1% acetic acid
(Merck) solutions. NH4N03 (Merck) and ethylene carbonate (EC, Merck) were added
accordingly. The mixture was dispersed and stirred continuously in a sealed conical
flask with am agnetic f tirrer for 24 hours until homogeneous solution was 0 btained.
After complete dissolutio~ the solutions were cast onto plastic petri dishes and left to
dry by evaporation at room temperature (25°C) to form films of pure chitosan acetate
(CA), CA-NH4N03 and CA-NH4N03-EC. The films were then transferred into a
desiccator (with silica gel desiccant) for continuous drying. A free standing and plastic-
•,
like film was obtained for all systems.
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Concentration of NH4N03 was varied from 10 wt. % to 60 wt. %. For sake of
simplicity, the films will be simply coded as CA, 60 wt. % CA-40 wt. % NH4N03
(CA40N), 48 wt. % CA-32 wt. % NH4N03-20 wt. % EC (CA40N20E) and 18 wt. %
CA-12 wt. % NH4N03-70 wt. % EC (CA40N70E), respectively for the conductivity-
temperature study. Figure 2.1 shows an example of film formed after drying process.
Chitosan film Plastic petri dish
Figure 2.1: Appearance of chitosan film after drying process.
2.3 Sample Preparation: Electrode Anode
To prepare an anode pellet (active area 2.5447 cm2, weight 2.3 g and thickness - 0.2
cm), Zn powder (Merck) and ZnS04.7H20 (Univar) were mixed with acetylene black
I
(AB, Gunbai) and polytetratluoroethylene (PTFE, Fluka). The anode contains a mixture
<\
of Zn and ZnS04.7H20 in the ratio of 3: 1. The mixture was subsequently put in a die
and gently pressed. The anode pellet was formed by hydraulic press (Carver) to
sandwich the stainless steel mesh into the powder mixture. A few drops of ethanol as a
wetting agent was added into the mixtu}e in order to make the pressing process easier.
Stainless steel mesh was used as a current collector in the middle of the pellet. The
function of PTFE and AB were as binding agent and to introduce the electronic
conductivity, respectively (Pratap et al., 2006). Figure 2.2 shows an example of anode
pellet pressed by pressing machine.
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Anode pellet ~
Plastic petri dish
Figure 2.2: Appearance ofanode pellet pressed by hydraulic press.
2.4 Sample Preparation: Electrode Cathode
The cathode pellet (active area,2.5447 cm2, weight 2.1 g and thickness _ 0.2 cm) was
prepared with similar"procedures to the anode. A mixture of Mn02 (Battery grade,
Aldrich) with AB and PTFE were used to form the cathode pellet. This mixture was
poured in a die and lightly pressed. Figure 2.3 shows an example of cathode pellet
formed by pressing maohine.
I
•,
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~
Plastic petri dish
}
i
Figure 2.3: Appearance of cathode pellet formed by hydraulic press.
2.5 Configuration of Protonic Battery
In this work, the cells were fabricated by using chitosan films which showed the
highest value of conductivity, sample CA40N70E. Chitosan film was sandwiched
between a pellet anode and a pellet cathode as illustrated in Figure 2.4. The entire
assembly was finally compacted to get a button shape polymeric solid-state protonic
battery. The Teflon container is able to endure condition at higher temperatures with
melting point, tensiltt strength and dielectric strength up to 312 °c, 23.5 MPa and
39.4 x 106 VIm. It is water-resistant and highly chemical-resistant (Brady et aI., 2002) .
.
,
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Stainless steel electrode-------....
14---Teflon
Cathod~
CA40N70E ~
~--Teflon
Anode~-------"T--,
Stainless steel electrQd------..
<4
Figure 2.4: Schematic diagram of a protonic battery.
2.6 Conductivity-Temperature Study
In this work, when the films (CA, CA-NH4N03, and CA-NH4N03-EC) were formed,
they were cut into a suitable size and placed between blocking stainless steel electrodes
in a cell which was connected to a computer. Electrical conductivity measurements
were performed using an Autolab POSTAT 30 Frequency Response Analyzer (Eco
Chemie B.V.) with frequency range of I Hz to 1 MHz and an amplitude of 10 mV in
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the temperature range of 298 K (25 DC)-393 K (120 DC). The effective area for
measurement was 2.5447 cm2• Three samples were used in order to get an average and
standard deviation values at each temperature. The electrical conductivity (cr) is given
by (Callister, 2000):-
t
0"= --
RbA
... (2.1)
where t is the thickness of the film, Rb the bulk impedance obtained from the
impedance plot, and A the area of the film.
To determine the cr, the technique of impedance spectroscopy was employed. In
impedance spectroscopy, a time varying voltage is applied to the cell under
investigation and the sinusoidal current passing through the cell is detennined. It
involves measuring the impedance as a function of frequency of the applied signal over
a wide frequency range.
Figure 2.5 illustrates complex impedance p lots for a combination of a capacitor and
I
resistor. For the capacitor and resistor in series, the plot defines a vertical spike
displaced to distance R along the real axis as frequency is increased and the impedance
of the capacitor is reduced. Whereas if consider the parallel combination, this defines a
semicircle in the complex impedance plane with a diameter 'r' extending along the real
axis from the origin. At the maximum of the semicircle, O)max the product of the
magnitude of the resistor and capacitor is equal to II O)max, i.e. RC = II O)max or O)max RC
= I (Arof et al., 1999).
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In the capacitive term, -jlroC, j = (_1)1/2, ro is the angular frequency and C is
capacitance. Thus,
Z= R - jlroC
=Z'-Z" , ...(2.2)
Z is a complex quantity. Z' represents the real component = Z cose and Z" represents
the imaginary component = Z sine. The plot of -Z" versus Z' is called the complex
impedance plot or Cole-Cole plot (Arof et al., 1999).
Z"
C
Z"
,IR Z'
romaxRC = 1
r
Z'
Figure 2.5: Complex impedance plots for a combination of a capacitor and resistor
(Aref et al., 1999).
Consider the following equation (Callister, 2000):-
;,
...(2.3)
where ao is the preexponential factor, Ea the activation energy of conduction, k the
Boltzmann constant (8.62 x 10-5 eV/atom-K), and Ttemperature in Kelvin.
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a Ea
- = exp (--)
ao kT
a Ea2.303 log - =--
ao kT
Ealog a = - + log ao2.303 kT ... (2.4)
By plotting the graph oflog a (S em-I) versus IOOOIT (K"I) (Arrhenius plot), gradient of
the graph is - Ea , where Eacan be determined from the gradient of graph.2.303 k
2.7 Linear Sweep Voltammetry
In this work, LSV was performed using the Potentiostat/Galvanostat of Autolab
PGSTAT 30 GPES (Eco Chemie B.Y.). The highest conducting sample ofCA40N70E
was mounted inside a cell which was sandwiched between two stainless steel self-
designed blocking electrodes at a scanning rate of 1.0 mVis. The initial potential and
end of potential were -2.0 V and 2.0 V, respectively. The cell was then placed into an
oven coupled with a temperature controller which was carried out at different
I
temperatures, 298 K (25 0q, 313 K (40 0q, 333 K (60 0q and 353 K (80 0q.
Figure 2.6 shows an example ideal curve of LSV. From the curve obtained, the
breakdown voltage of the polymer electrolyte can be determined as shown in Figure
2.10. •,
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Current Density (rnA cm-2)
Breakdown
voltage
Voltage (V)
Figure 2.6: Example of sweep voltammetry curve.
2.8 Protonic Battery Characterization
In this work, all the cell characteristics were measured by using the
Potentiostat/Oalvanostat of Autolab POSTAT 30 OPES (Eco Chemie B.V.). The
measurements were done at elevated temperatures, 298 K (25°C), 313 K (40°C),
333 K (60°C) and 353 K (80°C). The characterization techniques include OCV,
discharge characteristic, 1- V, and J-P test.
2.8.1 Open Circuit Voltage
The OCV was measured for the cells stored at an open circuit condition for 60 hours.
The duration of running an OCV test was refers to the results of discharge characteristic.
I,
Thereby, longer duration was carried out for OCV. Figure 2.7 shows an example result
of ideal OCV curve. A good battery should be displays constant voltage during storage.
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Voltage (V)
Time (hours)
Figure 2.7: Example of an ideal OCV curve.
2.8.2 Discharge Characteristic
The cells were discharged at a constant current (Id) of 1.0, 5.0 and 10.0 rnA at room
temperature (298 K). Temperature·:dependence studies were also conducted on the cell
and were recorded at temperatures of 313, 333 and 353 K. Based on discharge curve
obtained, various secondary results can be determined which includes discharge
capacity, nominal voltage and specific energy.
I
Figure 2.8 shows an example of ideal discharge curve. It shows that the discharge was
4
sustained for td hours until the cut-off voltage. The initial voltage (Va) drop is higher
before reaching a flat discharge plateau at Vp •
;
,
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Voltage (V)
~I
Time (hours)
Figure 2.8: Example ofan ideal discharge curve.
The following were the important results that can be determined from discharge
characteristic (Linden, 2002):-
I. Discharge Capacity (mAh) = Discharge Current (Id) x Discharge Time
... (2.5)
ii. Discharge Capacity (C) =Discharge Current (Id) x Discharge Time (td) ~ 3600 s
...(2.6)
iii. Nominal Voltage (Vp ) =Generally accepted as typical of the operating voltageI
of the battery (voltage at half condition from discharge
time).
iv. Specific Energy (mJ) = Discharge Capacity (C) x Nominal Voltage (V
p
) ...(2.7)
i,
where Vo, Vp, and td can be obtained from a discharge curve as shows in Figure 2.8.
2.8.3 Current-Voltage Characteristic
Current drains ranging from 2.0 ~ to 100.0 rnA were used to plot the I-V and J-P
curves as show in Figure 2.9 and Figure 2.110. Each cell's voltage was monitored for
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each current drain after lOs of operation. The secondary results of current density (J)
and power density (P) were calculated from measured values of V and / (Equation 2.8
and Equation 2.9) and a graph ofP against J was then obtained (Choong, 2004).
. Current (l)Current Density (J) = ---------.:....:...----
Area of electrode pellet (A)
P D 't (P) Current (1) x Voltage (V)ower ensI y =
Area of electrode pellet (A)
Area of electrode pellet = 2.5447 cm2
Weight of active materials (anode - Zn + ZnS04.7H20) = 2.3365 g
Weight of active materials (cathode - Mn02) =2.1323 g
Voltage (V)
E
I
~y:L _
~x
Current (A)
Figure 2.9: Example of an ideal /- V curve.
... (2.8)
... (2.9)
From Figure 2.13, it can be observe&- that a line with negative gradient is obtained
(Choong, 2004).
V=E-/r
V= -(r)/ + E
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...(2.10)
This equation is equivalent to y = -mx + c where y = V, x = I, m = r, and c = E, hence
the internal resistance of the battery is given by (Choong, 2004):-
r = gradient of the line = m = Ily
Ilx
Power Density (mW cmo2)
Maximum power density (Pmax)
I
I
----------~--~-----
... (2.11)
Current Density (rnA cmo2)
Figure 2.11 0: E~ample of an ideal J-P curve.
.
,
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CHAPTER 3
RESULTS AND DISCUSSIONS
3.1 Introduction
As mentioned in Chapter 2, the films of pure CA, CA-NH4N03' and CA-NH4N03-EC
were characterized by conductivity-temperature studies and linear sweep voltammetry
(LSV). A systematic study on films and protonic batteries based on the highest
conductivity of chitosan-based solid polymer electrolyte (SPE) was carried out at room
temperature and elevated temperatures. Various characterization techniques, such as
open circuit voltage (OCV), discharge characteristic, current-voltage (I-V) and current
density-power density (J-P) characteristics, were conducted on the cells. In this chapter,
the fluctuation results of chitosan filrps and protonic batteries due to the influence of
heat treatment will be exhibited.
3.2 Conductivity-Temperature Study
In order to understand the conductivity mechanism of the chitosan-based systems, the
conductivity of the sam~les were measured at different temperatures. In its natural form
'"chitosan can exist in a a-helical or spiral coil form. Thus the neighbouring NHz group
could be closer to one another than if the chitosan occurs in a linear chain. At room
temperature, the C-N functional group in the samples is expected to vibrate accordingly
(Yahya and Arof, 2003). The C-N vibration could occur in such a way that the proton
ion (H+) which is datively bonded to the nitrogen atom may come in closer proximity
with another NHz group and get transferred to it. Therefore, the ease of the H+ ion to be
transferred along the NHz sites may depends on the activation energy (Ea) of the ionic
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species. Hence, it is necessary to understand the conductivity-temperature relationship
at various temperatures.
3.2.1 Solid Polymer Electrolytes Characterization:CA-NH4N03 System
The films with a composition of CA-40 wt% NH4N03 has the lowest bulk resistance
(Rb) was achieved at the average of 55.0 n and the calculated surface contact was
around 20.1 n. From the Rb the specific conductivity of the polymer electrolyte was
calculated to be (8.38 ± 4.11) x 10-5 S em-I at the room temperature. The value was
almost similar to the previous research by Majid and Arof (2005) which gave an
electrical conductivity 2.53 x 10-5 S cm-l with 45 wt. % NH4N03.
Other electrical conductivity values, with the different amount of NH4N03 were given
in Figure 3.1. It can be observed that the electrical conductivity increases sharply with
an addition of 10 wt. % of NH4N03 and it increases by an order of magnitude when a
10 wt. % to 40 wt. % of NH4N03 was added to the CA. In the preparation of the films,
100 ml of acetic acid solution was used to dissolve 1.0 g of chitosan. Different amounts
of NH4N03 were added to each solution. Hence, the volume of the host matrix (the
volume of acetylated chif6san) was the same for all the films. As more and more
NH4N03 were added, the host matrix becomes m ore crowded with the dopant ions.
Such overcrowding reduces the number of charge carriers due to the limitation of ionic
mobility (Mohamed et at., 1995). Thl1s, the conductivity decreases after 40 wt%
,
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Figure 3.1: Electrical condu9tivity versus NH4N03 concentrations in CA at room
temperature.
3.2.2 Solid Polymer Electrolytes Characterization:CA-NH4N03-EC System
I
Figure 3.2 shows the variation of conductivity as a function of plasticizer content in a
CA-40 wt% NH4N03 system at room temperature. It can be observed that the highest
conductivity at room temperature was (9.93 ± 1.90) x 10-3 Scm-I, and achieved for the
film with 70 wt. % EC (CA40N70E). The value of Rb decreases at about 54.5 n and the
surface resistance was at 19.7 n when compared to the highest unplasticized film. An
addition of concentration of EC beyond 70 wt. % causes the poor mechanical strength.
Therefore, the amount of EC was maintained below 70 wt. % to ensure the acceptable
mechanical properties.
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On addition of salt, the conductivity continues to increase by increasing the ion content
up to a certain amount. It can be inferred that the salt was responsible for the
conductance of the chitosan-based films. However the EC did not increased the ion
number, but the role of EC was to dissociate the salt thereby increasing the numbers of
mobile ions, which lead to conductivity enhancement (Osman et al., 200 I; Yahya and
Arof, 2003).
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Figure 3.2: Electrical conductivity versus EC concentrations in CA-40 wt. % NH4N03
at room temperature.
I,
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3.2.3 Temperature Dependence
The temperature dependence of conductivity for the chitosan-based SPE systems is
shown in Figure 3.3. T he plot shows that as temperature increases, the conductivity
increases. The conductivity-temperature relationship of chitosan-based SPE was
characterized as Arrhenius behavior, suggesting that the conductivity was thermally
assisted. The results also implies that the diffusion of H+ ions especially in the CA film
was liquid like and remains unchanged in the temperature range of298-393 K. The
conductivity of CA film was attributed to the conduction of H+ ions from acetic acid.
The H+ ions were able to detach themselves from the matrix and thus can hop from
complexation site to another during thermal agitation (Morni and Arof, 1999).
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Figure 3.3: The temperature dependence of conductivity for chitosan-based polymer
electrolytes.
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Figure 3.4 shows the relationship of variation of Ea and cr at room temperature. The
highest conducting film (CA40N70E), gave the lowest Ea at 0.11 eV. It indicates that
when conductivity increases, the Ea for transferring H+ ions will be reduced. Table 3.1
shows the summarized results ofEa and cr for different samples at room temperature.
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Figure 3.4: Variation ofEaand cr at room temperature.
.
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Table 3.1: Variation ofEa and cr for sample CA, CA40N, CA40N20E and CA40N70E
at room temperature.
Activation Energy, Ea Conductivity,O'RT
Sample Sample Name (eV) (S em-I)
CA 0.98459 6.15E-08
2 CA40N 0.31801 2.00E-04
3 CA40N20E 0.14841 8.30E-04
4 CA40N70E 0.10988 3.48E-03
3.3 Linear Sweep Voltammetry
Figure 3.5 shows the LSV curves of the polymer electrolyte system of sample
CA40N70E. The current onsets of the sample were detected about 1.80, 1.75, 1.70, and
1.60 V at temperatures of 298, 313, 333, and 353 K, respectively. The current onset
was assumed to be the films breakdown voltage (Table 3.2). It can be observed that the
breakdown voltage red1uces when temperature increases from 298 to 353 K. Thus, this
voltages were high enoug1:l to allow safe use of chitosan-based SPE in fabrication of
protonic batteries, since the electrochemical window standard of protonic battery is
about - 1 V (Pratap et al., 2006).
.
,
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Figure 3.5: LSV curves of sample CA40N70E at 298,313,333 and 353 K.
Table 3.2: Breakdown voltage of sample CA40N70E at various temperatures.
Temperafture (K)
298
313
Breakdown Voltage (V)
1.80
1.75
333 1.70
353 1.60
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Table 3.3: OCV of protonic batteries at high temperatures.
1.479
1.434
1.402
1.378
OCV (V)
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298·
313
333
353
Temperature (K).
3.4 Open Circuit Voltage
The OCV characteristic of protonic batteries at 298-353 K is shown in Figure 3.6. It
can be observed that as the temperatures increase, the OCV become lower which was
of the same trend as for the results obtained by LSV. The highest OCV was 1.479 V at
room temperature (298 K). This phenomenon suggests that the electrode materials
possess considerable catalytic properties at low temperatures. The OCV of other
temperatures are shown in Table 3.3. From the results obtained, it can be concluded
that t he fabricated cells at 2 98, 313, and 3 33 K were reasonably stable in open cell
condition. However, at the highest temperature (353 K), continuously heating the cell
for a longer duration causes the deterioration of the cell especially SPE. The SPE was
obviously burned and destroyed after the OCV characterization. The significant voltage
drop can be seen after 33 hours, which was due to SPE unable to endure condition at
353 K.
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Figure 3.6: OCV curves of protonic batteries at 298,313,333 and 353 K.
3.5 Discharge Characteristic
From Figure 3.7, the discharge time increases as the discharge current decreases.
Meanwhile the voltag~ drop during the initial discharge was higher when the discharge
current was increased. If depicted that the discharge capacity was lower at higher
discharge rates which was 21.0, 6.0 and 2.5 mAh at discharge current of 1.0~ 5.0 and
10.0 rnA, respectively. The summarized results are shown in Table 3.4. The reason for
the low discharge time at high current qischarge rate could be attributed to the ability of
,
the cell to delivery its electrical energy. It showed that the cell in this work was more
suitable when a constant discharge current of 1.0 rnA was used. Due to low diffusion
rate ofH+ ions inside the SPE, the cells discharged at 5.0 and 10.0 rnA lasted only for a
few minutes.
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Figure 3.7: Discharge curves of protonic batteries using constant currents of 1.0,5.0
and 10.0 rnA at room temperature.
Table 3.4: Discharge properties ofprotonic batteries at different discharge current
! profiles at room temperature (298 K).
... .............._.............~ ...
Discharge Discharge' Discharge Discharge Nominal Specific
Current Time Capacity Capacity Voltage Energy
(rnA) (hours) (mAh) (C) (V) (mJ)
1 21.00 21.0 .,
5 1.20 6.0
10 0.25 2.5
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Temperature dependence studies at 298,313,333, alld 353 K of the cells are presented
in Figure 3.8. At 298 K, it can be observed that the voltage of the cell drop immediately
before reaching a flat discharge plateau at 1.181 V. This phenomenon may be due to
the activation polarization. The activation polarization occurred because the rate of an
electrochemical reaction at an electrode surface was controlled by sluggish electrode
kinetics (Broadhead and Kuo, 2002). Whereas at temperatures 313 and 333 K, the drop
in voltage was smaller as temperature increased. At 333 K, the discharge time was
much longer which implies that the discharge capacity (42.7 mAh) was optimum. It can
be observed that the discharge capacity of the cell increases with temperature increase
until 333 K. This demonstrated that the cell performance was improved when the
temperature was increased. This was consistent with the results obtained from the
conductivity-temperature characteristics -of sample CA40N70E. Since the ionic
conductivity of the polymer electrolyte increases with temperature, more energetic ions
were available for conduction between two electrodes. Thus, the cell gives a higher
discharge capacity at elevated temperatures. Ani ncrease in the d iffusivity of t he H +
ions through the cell when temperature was increased would also contribute to this
improvement (Subban apd Arof, 2004). At 353 K, although the drop in voltage was
smaller at a flat discharge plateau at 1.368 V, the discharge was sustained only for 20.0
hours. It inferred that deterioration of the SPE has occurred at 353 K. When reaching an
optimum condition, which was after 333 K, the cell performance was obviously
degraded. Table 3.5 shows the calculated values of discharge capacity, nominal voltage
i,
and specific energy.
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Figure 3.8: Discharge curves at a constant current profile of 1.0 rnA at 298,313,333
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Table 3.5: Discharge properties ofprotonic batteries at different temperatures.
Disch~rge Discharge Discharge Nominal Specific
Temperature Time .,. Capacity Capacity Voltage Energy
(K) (hours) (mAh) (C) (V) (mJ)
298 21.0 75.6 1.181 89284
313 39.1 • 140.8 1.289 181491
,
333 42.7 153.7 1.293 198734
353 20.0 72.0 1.368 98496
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3.6 Current-Voltage Characteristic
Figure 3.9 and 3.10 show the plot of I-V an~ J-P curves for protonic batteries at
elevated temperatures. From the 1-V curves obtained, each curve shows a simple linear
form, which indicates that the polarization on the electrode was primarily dominated by
ohmic contribution (Li et a!., 2006). The resistance of the protonic batteries can be
calculated from the slope of1-V curves. The curves show that as temperature increases,
the internal resistance (r) of the cells decreases. The lowest r was 16.8 n at 333 K. At
353 K, the deterioration of the cell's materials occurs which implies that the interfacial
contact between the chitosan-based SPE and electrodes may be deteriorating. The
deterioration can be demonstrated by the enhancement of r value of 23.0 n. The r of
the cells was considered high, whereas the resistance of the SPE was less than - 3.0 n
in the temperature range investiga!ed.'The high r was attributable to the interfacial
resistance between SPE/electrodes. However, compared to the reports elsewhere
(Mohamed et al., 1995; Pratap et a!., 2006), the r from present work was considered
low. The summarized results are shown in Table 3.6.
The plot of the operat.lng J-P curves (Figure 3.10) suggests that the contact between
electrolyte/electrodes wat good. The maximum power density (Pmax) increases with
enhancement of temperatures. The summarized results are shown in Table 3.7. The
highest Pmax was achieved by the cell at 333 K, with Pmax of 14.6 mW cm-2 and a short-
circuit current density (Jsc) of 31.0 rnA pm-2• This demonstrates that heat treatment has
,
an adequate effect on cell performance which was in agreement with the results
obtained by conductivity-temperature and discharge characteristic. The effect c an be
explained by considering the interface resistance, or the adhesiveness of the polymer
electrolyte/electrode. At room temperature, the interfacial adhesion could be low thus
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giving rise to a high interfacial resistance and lower cell performance. The
adhesiveness of the electrolyte was improved by heat treatment as proved by the
conductivity-temperature studies. This leads to a decrease in interfacial resistance, an
enhancement in values of conductivity and consequently, raises the cell performances.
However, further increase in temperature, i.e. 353 K during long measurement
destroyed the natural properties chitosan-based SPE.
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Figure 3.9: 1- V curves ofprotonic batteries at 298, 313, 333 and 353 K..
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Table 3.6: Values r of protonic batteries at elevated temperatures.
Temperature (K) Internal Resistance, r (!l)
298 30.3
313 26.4
.............. - - _ - - .- - .
333 16.8
353 23.0
16.0 .r-------- --,
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Figure 3.10: J-P curves of protonic batteries at 298,313,333 and 353 K.
- 38 -
:J
b
_
Table 3.7: A short-circuit current density, and the maximum power density ofprotonic
batteries at various temperatures.
Temperature (K) A Short-Circuit Current Maximum Power Density, Pmax
,
i
~
298 K
313 K
333 K
353 K
Density, Jsc (rnA cm-z)
16.0
16.0
31.0
24.0
i,
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6.4
8.6
14.6
10.4
·1j
CHAPTER 4 CONCLUSION AND SUGGESTIONS
The conductivity ofCA-NH4N03 was successfully increased from 10-5 Scm-I to 10-3 S
cm-
I
employing plasticization method using EC. In conductivity-temperature study, the
films of pure CA, CA-NH4N03 and CA-NH4N03-EC systems shows Arrhenius
behavior. The highest conducting sample (CA40N70E) possesses the lowest E
a
, 0.11
eV and the electrochemical stability window about 1.6 - 1.8 V. The OCV values
measured were in good agreement with those voltages obtained by the LSV technique.
The electrochemical characteristics of the cell have been studied at different
temperatures. During the heat treatment up to 333 K, the cells show good properties
such as enhancement of discharge capacities, Jse> and Pmax' At the same time the r of the
cells also decrease with the increase~n the heat treatment temperatures. At 333 K, the
discharge capacity, r, Pmax andJsc ~ere 42.7 mAh, 16.8 n, 14.6 mW cm-2 and 31.0 rnA
cm-
2
, respectively. The failures of the cells mainly contributed to the degradation of the
chitosan film SPE.
;,
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